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Expression of the a-subunit of Na/K-ATPase in renal collecting duct
epithelium during development. Aldosterone enhances synthesis and
enzyme activity of NaJK-ATPase and has been found to stimulate
sodium reabsorption by the renal cortical collecting duct. Moreover,
chronic exposure to aldosterone is associated with a remarkable
morphological—functional adaptation. This is seen as a magnification in
basolateral membrane area of principal cells. In the present paper we
investigated the acquisition of Na/K-ATPase a-subunit in renal tissue
and examined whether aldosterone initiates functional and adaptive
changes in cultured collecting duct cells similar to those observed in
vivo. Using a monoclonal antibody, immunofluorescence microscopy
demonstrated the acquisition of the a-subunit of NaJK-ATPase in the
developing cortical collecting ducts of the kidney of neonatal rabbits.
The mature collecting ducts in the medulla and papilla of the developing
kidney were strongly labelled at the basolateral side, while in the
cortical portion of the fetal collecting duct adjacent to the embryonic
ampullae the immunolabel was found at the apical and the basolateral
aspect of the epithelium. However, the embryonic collecting duct
ampullae in the outer cortex did not show any reaction with the
antibody. In the collecting duct cells cultured for 24 hours the a-subunit
of NaJK-ATPase was found to be distributed at both the apical and
basolateral aspect of the epithelium. After two to 16 days, the im-
munolabel was strictly found distributed at the basolateral side. Cultur-
ing collecting duct cells in the presence of aldosterone (10—6 M), the
hormone modulated the cellular shape of epithelia after five days by
infolding the lateral plasma membranes. Simultaneously cellular height
of aldosterone treated cells was approximately 25% less than in controls
indicating a 'shrinkage' of the cells consequent to infolding of excessive
lateral plasma membrane.
In a previous study a technique was described which estab-
lished renal collecting duct, principal cell epithelia from rabbit
in primary tissue culture [1]. Electrophysiological experiments
were performed to determine the electrical properties of this
epithelium. In a lucite double—chamber transepithelial potential
difference (Vte) and resistance (Rte) were measured [2]. These
experiments showed the 'tight' character of the epithelium. In
the absence of pretreatment with aldosterone, Yte was —7.7 mY
(sign referring to polarity of apical surface) and Rte was 2.1 kfl
cm2 at room temperature. Pretreatment with 10—6 M aldosterone
over three to five days resulted in a significantly higher te of
—32.3 mV, while Rte remained comparable at 2.9 kfl cm2.
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Measuring under standard conditions at 37°C, aldosterone
treated epithelia showed a transepithelial potential difference of
—59.5 mV and a mean resistance of 0.83 kfl cm2. Amiloride, a
known inhibitor of apical sodium conductivity in tight epithelia,
reduced the potential difference and increased the resistance
significantly. These results demonstrate that aldosterone con-
trols measurable electrical properties of principal cells in cul-
ture. This effect likely involves sodium transport as it is known
from the in situ kidney [3—5].
From the mammalian kidney in situ it is known that long—
term treatment by aldosterone stimulates the protein synthesis
and increases the NaJK-ATPase activity in the cortical collect-
ing duct [reviewed in 6]. By electron microscopy it was shown
that a marked increase in basolateral cell membrane area
occurred after aldosterone treatment within the cortical collect-
ing duct [7, 8]. In the present study we examined by morpho-
metric methods whether similar adaptive morphological
changes after aldosterone treatment can be observed in cultured
collecting duct cells. Because the NaIK-ATPase is a key
enzyme in regulating Na transport, we additionally investigated
with immunohistochemical methods the expression and distri-
bution of the enzyme in the cultured collecting duct cells and
compared it with the kidney of neonatal rabbits. Cultured
collecting duct cells were derived from the outer cortex of
neonatal rabbit kidneys [1, 9]. In the cortex of neonatal rabbit
kidneys maturing collecting ducts and embryonic collecting
duct ampullae are closely related, providing the opportunity to
compare differently—developed renal structures in the same
tissue section.
Methods
Immunofluorescence
Immunofluorescence procedures on 4 m cryostat sections
were performed according to established methods [10]. The
monoclonal antibody against the a-subunit of NaJK-ATPase
was applied as described earlier [11].
Culture ofrenal collecting duct epithelium
Cortical explants from newborn New Zealand rabbit kidneys
were isolated as described earlier [1, 9]. Explants consisted of
segments of capsula fibrosa with a thin adherent layer of
nephrogenic blastema consisting of S-shaped bodies and col-
lecting duct anlagen. This tissue was mounted on plastic cylin-
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ders (inner diameter of 3 mm) and fixed with an overlapping ring
[2]. These were then cultured in DMEM/HEPES with 10% fetal
calf serum (FCS) and 1% antibiotic/antimycotic solution (Gibco
Biocult, Karisruhe, FRG). It was known from previous obser-
vations that the addition of fetal calf serum was essential to
cellular outgrowth [12]. Thus, within 24 hours of cultivation the
entire surface of the explant was regularly covered by a
single—layered principal cell epithelium [1, 2]. For subsequent
cultivation, Iscove's modified Dulbecco's medium—IMDM—
(Gibco Biocult, Karisruhe, FRG; catalog no. 074-2200), a fully
synthetic medium without FCS or other hormones or additives
was used. The composition of IMDM is as follows (glliter):
1) Inorganic salts. Calcium chloride 2H20 (0.219), magne-
sium sulfate—anhydrous (0.100), potassium chloride (0.330),
potassium nitrate (0.000076), sodium chloride (4.505), sodium
phosphate monobasic—anhydrous (0.109), sodium selenite
(0.0000173).
2) Amino acids. L-alanine (0.025), L-arginine HCI (0.084),
L-asparagine H20 (0.0284), L-aspartic acid (0.030), L-cystine
2HC1 (0.09124), L-glutamic acid (0.075), L-glutamine (0.584),
glycine (0.030), L-histidine HC1 H20 (0.042), L-isoleucine
(0.105), L-leucine (0.105), L-lysine HC1 (0.146), L-methionine
(0.030), L-phenylalanine (0.066), L-proline (0.040), L-serine
(0.042), L-threonine (0.095), L-thryptophan (0.016), L-tyrosine—
disodium (0.10379), L-valine (0.094).
3) Vitamins. D-biotin (0.000013), choline chloride (0.004),
folic acid (0.004), myo-inositol (0.0072), niacinamide (0.004),
D-panthothenic acid—calcium (0.004), pyridoxal HC1 (0.004),
riboflavin (0.0004), thiamine HC1 (0.004), vitamine B12
(0.000013).
4) Other components. D-glucose (4.500), HEPES (5.958),
phenol red—sodium (0.0 16), pyruvic acid—sodium (0.110).
Aldosterone 10—6 M was added to certain culture dishes, but
not to others (controls). The treatment with aldosterone was
started at 36 hours after the beginning of cultivation. Culturing
was carried out at 37°C with 5% C02/95% air in a humified
atmosphere of a tissue incubator (Heraeus, Hanau, FRG). The
epithelia were kept in culture for five and 18 days; culture media
were changed daily.
The following protocols were used: a) five days of standard
cultivation with 10-6 M aldosterone (N = 12) and without
aldosterone (N = 12, control); and b) 18 days of standard
cultivation with 10-6 M aldosterone (N = 12) in accordance with
observations made with the kidney in situ [7, 8] and without
aldosterone (N = 12, controls).
Light and transmission electron microscopy (TEM)
For histological evaluation cultured epithelia were fixed in a
3% glutaraldehyde, and 0.1 M cacodylate buffer solution (pH
7.4), supplemented by 0.1 M CaCI2 and 0.5% picric acid. After
washing twice in 0.1 M cacodylate buffer epithelia were re-
moved from the cylinder assembly and postfixed for two hours
in 1% buffered osmium tetroxide solution. Then the tissue was
dehydrated with graded series of ethylalcohols, passed through
propylene oxide and embedded in Epon. Embedding was
performed in a flat rubber chamber, so that the entire epithelium
could be orientated horizontally (Fig. I). In this way it was
possible to cut the epithelium with the ultramicrotome at a 90°
angle to obtain precisely vertical sections. Ultrathin sections
Fig. 1. Schematic illustration of embedding and ultra thin sectioning of
cultured principal cell epithelia for morphometric studies. A. The
cultured epithelium is fixed for electron microscopy resting on a
cylinder assembly. B. The entire epithelium is embedded in a thin Epon
resin layer. C. Ultrathin sectioning at a 90° angle, (D) to obtain precisely
vertical sections of the epithelium. BM, basement membrane; arrow-
head, tight junction; BS, basal slit.
were stained with uranyl acetate and lead citrate and examined
in a Philips 301 electron microscope.
Morphometric procedures
Morphometric analysis was carried out using electron micro-
graphs of a final magnification of up to 12,600-fold. A magne-
tized tablet connected to a MOP-b analyzer (Zeiss, Ober-
kochen, FRG) was used. Membranes under study were traced
with a sensor pen.
Twelve epithelia from each experimental protocol were in-
vestigated. At least four randomly—selected micrographs were
analyzed in a blind manner from each epithelium. The following
parameters were evaluated:
1) Epithelial height. This was measured as the shortest
distance between the upper (luminal) limit of the tight junction
and the basement membrane. For each picture the number of
such measurements corresponded to the number of tight junc-
tions present.
2) Amplification of lateral cell membrane (ALM). For this
purpose the total length of the lateral cell membrane including
all microplicae (t) was measured. Furthermore, the straight
length of the lateral cell membrane excluding all microplicae(s)
was determined. This quotient between both (ALM t/s)
reflects the degree of cell membrane amplification.
3) Surface density of basolateral cell membranes (Sv =
BLMIV). This was determined by measuring the basolateral cell
membrane length including all protrusions and infoldings
(BLM). The value was then divided by the area of the same cell
(V).
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Statistics. All data are presented as means SD. Statistical
analysis of all data was made using the Wilcoxon's U-test.
Results
By immunohistochemical methods we investigated at which
developmental stage the renal collecting duct cells gain
immunoreactivity for Na/K-ATPase. For these experiments a
monoclonal antibody against the a-subunit of NaIK-ATPase (96
kd) was used [11]. In a first series cryosections of the cortex of
kidneys from neonatal rabbits were made (Fig. 2A). This tissue
contains embryonic and mature nephron structures. Within the
embryonic collecting duct ampullae we detected no or only a
spurious reaction with the antibody against the a-subunit of
NaIK-ATPase. At the neighboring proximal portion of the fetal
collecting duct the immunolabel was found at both the apical
and basolateral aspect of the epithelium (Fig. 2A, asterisk).
Progressing towards the papilla the immunofluorescence reac-
tion increased continuously within the collecting ducts. How-
ever, in the medullary and papillary collecting ducts the a-
subunit of Na/K-ATPase was located strictly to the basolateral
aspect of the epithelium (Fig. 2B).
In addition, cultured collecting duct cells were investigated
for acquisition of the NaJK-ATPase. The collecting duct epithe-
hum cultured for 24 hours showed fluorescence at both the
apical and the basolateral side of the epithelium (Fig. 2C). After
three (Fig. 2D) and five days (Fig. 2E) of culture, the im-
munoreaction strongly increased and was exclusively found in
the basolateral aspect of the cultured epithelium. The results
demonstrate that the expression of the a-subunit of Na/K-
ATPase in cultured neonatal collecting tubule cells develops
within 24 hours and becomes polarized to the basolateral aspect
of the epithelium by three days. No difference in the intensity of
the fluorescence pattern was observed between aldosterone
treated and control epithelia.
Since both apical and basolateral distribution of the a-subunit
of NaIK-ATPase immunoreactivity was found in collecting duct
epithelia cultured for 24 hours (Fig. 2C), the tight junctions
were studied in the embryonic and the cultured cells (Fig. 3).
Deep tight junctions which separate the luminal from the
basolateral cell side were present both in the embryonic kidney
and the cultured cells. The development of a polar distribution
of NaJK-ATPase to the basolateral compartment therefore
appeared independent of the development of tight junctional
belts.
Electron microscopic examination of the cultured tissue
confirmed the formation of a single layer of pure principal cells
during the first 24 hours of cultivation (Fig. 3D). Viability in
serum free media was maintained for over 30 days. The cultured
principal cells were found to have a cylindrical (Fig. 4) to
cuboidal shape (Fig. 5). On cross sections these cells assumed
a polygonal appearance. They did not interdigitate with each
other. A basement membrane was consistently developed.
Distinct intercellular spaces and deep tight junctions occurred
regularly. The apical cell membrane bore short microvilli and a
single cilium per cell. Often a dense cell coat was established.
The amplification of lateral plasma membranes and the shape
of intercellular spaces varied and was dependent on the hor-
monal environment. In control epithelia without aldosterone
the intercellular spaces were sharp and narrow (Fig. 4). Only a
few microvilli and microplicae were seen to protrude from the
lateral plasma membrane. After aldosterone treatment (10—6 M),
a striking increase in the number of microvilli and microplicae
was observed in lateral cell membranes (Fig. 5, 6A). Aldoster-
one induced an amplification (Table 1, 1) of lateral microvilli
and microplicae by approximately 100% after 5 days of culture.
By 18 days, aldosterone treated epithelia also demonstrated
numerous infoldings of the basal plasma membrane (Fig. 6B).
To the best of our knowledge this hormonal modulation has
been demonstrated for the first time in a cell culture model. It
was also not seen in earlier experiments when principal cells
were grown as globular bodies [11. The cellular height of
cultured epithelia was found to be decreased after aldosterone
treatment (Table 1, 2). This suggested a 'shrinkage' of cells
secondary to the increased infolding of excessive cell mem-
brane induced by aldosterone. To assess this possibility we
calculated the surface density S of aldosterone treated epithe-
ha (Table 1, 3). Compared to controls the S of aldosterone
treated epithelia rose by 14% after five days of culture and to
34% after 18 days.
Discussion
The development of expression of Na/K-ATPase a-subunit
was dramatically demonstrated in the cortex of neonatal rabbit
kidney by comparing embryonic and maturing structures on the
same cryosection (Fig. 2A). Immunologically—unreactive col-
lecting duct ampullae in the vicinity of the capsula fibrosa
contrasted with strongly labelled cells in the deeper cortical
region. A further advantage in the present model was that the
collecting duct cell—culture was comparable with the neonatal
kidney, since the cultured cells were deprived from the embry-
onic ampulla and were grown on native kidney substrate [11
This is especially important in evaluating the degree of differ-
entiation and acquisition of NaJK-ATPase of the cells in cul-
ture. The observation that the a-subunit of NaIK-ATPase was
found after 24 hours of culture and was distributed to the apical
and basolateral aspect of the epithelium (Fig. 2D) is similar to
the observation made in the neonatal kidney in proximal
portions of the fetal collecting duct adjacent to the embryonic
collecting duct ampullae (Fig. 2A, asterisk). The results dem-
onstrate that the first expression and deposition of the a-subunit
of NaJK-ATPase occur in vivo and in vitro at the same cellular
sites. Collecting duct cells cultured for three (Fig. 2D), five (Fig.
2E) and up to 18 days (not shown) show immunolabel restricted
to the basolateral aspect of the epithelium, as it is found in the
distal portions of the neonatal collecting duct and in mature
collecting ducts (Fig. 2B) [11, 13]. The expression of Na/K-
ATPase a-subunit in the neonatal kidney and in primary cell
cultures demonstrates a step in functional differentiation from
embryonic ampullary cells to the functional status of mature
collecting—duct cells.
An unexpected finding is that the NaIK-ATPase a-subunit
was found at the apical and basolateral aspect of the epithelium
of the early maturing collecting duct cells (Figs. 2A, C). Since
restriction of lateral mobility of membrane proteins is generally
thought to be related to the presence of tight junctions [14], it
was important to determine how well they were developed in
neonatal collecting duct. In the freshly isolated ampullae prior
to culture and in the collecting duct cells cultured for 24 hours,
deep tight junctions could be demonstrated by transmission
electron microscopy (Fig. 3). Freeze fracturing revealed two to
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Fig. 2. Immunofluorescence microscopy with a monoclonal antibody against the a-subunit of Na/K-A TPase of the outer cortex (A) and medulla
(B) of newborn rabbit kidneys and collecting duct epithelia cultured for 24 hours (C), three (D) andfive days (E). A. The embryonic collecting duct
ampulla (A) shows no specific reaction with the antibody, except for the neighboring proximal portion belonging to the fetal collecting duct (CD).
The immunological label is seen here at the apical and basolateral aspect of the collecting duct (asterisk). S-shaped body (S). Capsula fibrosa (CF).
B. Medullary collecting duct with an intensive basolateral fluorescence. C. Collecting duct epithelium cultured for 24 hours shows firstly
luminescence at the apical (arrowheads) as well as at the basolateral cell aspect (asterisks). D. Collecting duct epithelium cultured for three and
(E) five days demonstrates a strongly and exclusively basolateral labelling with the antibody against NaJK-ATPase. A, x —500; B, X -- 1100; C,
X—llO0;D, x—llOO;E, x—lIO0.
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Fig. 3. TEM micrographs of an ampulla (A), a higher magnification of an ampullary epithelium (B). Cross—section through a freshly isolated
ampufla used for subsequent cell culture (C) and a collecting duct epithelium cultured for 24 hours (D). In all cases deep tight junctions (arrows)
are present. Capsula fibrosa (CF), ampulla (a), S-shaped body (S), basement membrane (BM), fibroblast (FB). A, X — 1300; B, x —5600; C,
x—4800; D, x—2600.
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Fig. 4. Ultrathin section of pure principal cell
epithelium after five days of culture (no
aldosterone added; control). The apical
plasma membranes are separated by tightjunctions from the lateral plasma membranes
(arrow heads). The intercellular spaces can be
recognized as sharply outlined spaces, which
stretch from the apical to the basal side of the
epithelium (arrow). x —6000.
three tight junctional strands in ampullary cells [15j, while five
to seven were found in collecting duct epithelium cultured for
five days [21. It appears that the acquisition of NaIK-ATPase
a-subunit and functional epithelial polarization occur after the
formation of tight junctions in the collecting duct epithelium.
Furthermore, this suggests that mechanisms which control
membrane traffic and recycling of membrane proteins may be
initiated after the synthetic mechanisms for NaJK-ATPase
become established.
In the mature kidney it is shown that aldosterone increases
the basolateral plasma membrane of principal cells of the
cortical collecting tubule [7, 8]. Further, the hormone increases
the synthesis of Na/K-ATPase [16] and NaIK-ATPase—activity
[17]. The aldosterone dependent hypertrophy of basolateral
membrane area is seen as a morphological correlate to the
increase of Na-transport and NaJK-ATPase activity. We there-
fore investigated whether aldosterone—stimulated plasma mem-
brane amplification could be found in the cell culture model. In
the cultures an aldosterone dependent modulation in lateral
plasma membranes was seen (Table 1, 1), associated with a
simultaneous decrease in epithelial height (Table 1, 2). This
resulted in only modest increases in surface density (Table 1, 3).
Comparing the cellular distribution of aldosterone-.induced
plasma membrane modulations in cultured epithelia and in the
mature kidney, histological differences became apparent. In
situ, the plasma membrane alterations occurred primarily in the
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Fig. 5. Ultrathin section of a collecting duct epithelium after pretreatment in aldosterone (1O M) forfive days of culture. There is an increase
of microplicae and microvilli in the lateral plasma membranes (arrows). In several cases the intercellular spaces are widened. x —6000.
Table 1. Morphometric studies
Aldosterone
Culture
(106M)(N = 12)
Control(N = 12)
1. Amplification of the lateral plasma membrane after aldosterone treatment 5 days
l8days
1.353 O.23a
l.394±0.l9a
1.113 0.12
l.l25±O,06a
2. Cellular height of the epithelia after aldosterone treatment 5 days
18 days
34.18 11.12 m
43.78 14.2 jim
46,47 9.58 m
47.37 13.4 jim
3. Surface density of the epithelial cells after aldosterone treatment 5 days
18 days
535 193
468 89
486 229
349 28"
a Amplification factor
P < 0005
basal plasma membrane and were rare in the lateral part of the
cell [81. By contrast, in cultured collecting duct cells reported
here, the plasma membranes were initially modified laterally
(Fig. 5, 6A), and only after 18 days did the cultured epithelia
begin to show alterations in their basal plasma—membrane
compartment (Fig. 6B). The amplification induced by aldoster-
one thus appears to be more the result of plasma membrane
differentiation than an increase in synthesis of new membrane.
This is in contrast to the action of aldosterone in the mature
kidney [8, 17, 181 where synthesis of new membrane and
NaJK-ATPase is striking. The results suggest that aldosterone
influences the degree of differentiation of the cultured neonatal
collecting duct cells before modulating adaptive changes. An-
other speculation is that the cultures express characteristics of
both the cortical and medullary collecting duct. From physio-
logical and morphological experiments it is known that the
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the expression of the Na/K-ATPase a-subunit. A further expla-
nation for the minor aldosterone—dependent, plasma membrane
modulation may be the relation of the low expression of ADH
sensitivity to the adenylate cyclase and the lack of the basement
membrane protein—laminin in the cultured epithelia [19]. Fur-
ther experiments are in progress to investigate by biochemical
methods the biosynthesis of NaJK-ATPase and its increase of
enzymatic activity in cultures after aldosterone treatment. The
concentration of aldosterone (10—6 M) used in the present
experiments may appear excessive. However, we found it to be
necessary under the conditions of cell culture, provided fully
defined media were used for cultivation. Experiments are in
preparation to investigate the properties of the aldosterone
receptor in cultured collecting—duct cells. However, it also
must be taken into account that during culture the affinity
properties of the hormone receptors may have been changed, as
it is known from cultured amphibian cells [20].
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G—Golgi complex, arrowhead—tight junction. x —8000. B. Electron
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the basal aspect of the epithelium numerous infoldings of the plasma
membrane are observed (asterisk). x —6000.
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